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Abstract
Congenital heart defects are responsible for the mortality of approximately 300,000
newborn each year. One study in 2010 estimated that over 2 million patients were living
with congenital heart defects in the United States. Congenital heart defects have the highest
hospitalization cost among other birth defect categories. The damage on the U.S economy
in 2013 was estimated $6.1 billion. The most complex and severe form of these defects
results in single ventricle physiology. Fortunately, over the last 50 years, these patients
have been able to survive into adulthood as a result of three stages of surgeries culminating
with Fontan operation.
However, Fontan operation as the current ultimate palliation of single ventricle
defects results in significant late complications. Fontan patients will eventually develop
circulatory failure and are in desperate need of an immediate therapeutic solution. A rightsided device surgically placed in the cavopulmonary pathway could technically substitute
the missing sub-pulmonary ventricle by generating a mild pressure boost.
However, currently, there is no device specifically designed for this application due
to the small market size. On the other hand, off-label use of an arterial pump (originally
designed for left side application) for the cavopulmonary support remains challenging. This
is because the hemodynamic impact of a ventricular assist device (VAD) implanted on the
right circulation of a Fontan patient is not yet clear. Moreover, further research is needed to
identify the physiological consequences of two clinically-considered surgical configurations
ii

(IVC and full assisted configurations) for the cavopulmonary VAD installation, with full and
IVC support corresponding to the entire venous return or only the inferior venous return,
respectively, being routed through the VAD.
First objective of this thesis is surgical planning to accurately predict the outcome
of cavopulmonary support in failing Fontan patients and findings of this study will help the
surgeons in developing coherent clinical strategies for the cavopulmonary support implementation and tuning. Specific objective 2 will investigate the desired operating region for
designing a cavopulmonary blood pump that can offer a promising alternative treatment
option for a wide range of failing Fontan patients.

iii
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Chapter 1

Introduction

1.1
1.1.1

Background and Motivation
Single Ventricle Defect

Congenital heart defects are responsible for the mortality of approximately 300,000
newborn each year. One study in 2010 estimated that over 2 million patients were living with
congenital heart defects in the United States [8]. Congenital heart defect has the highest
hospitalization cost among other birth defect categories. The damage on the U.S economy in
2013 was estimated $6.1 billion [9]. The most complex and severe from of these defects can
results in single ventricle physiology. The single ventricle defect is a rare congenital heart
disease, however, it is highly complex. The birth incidence of congenital heart diseases is 4
to 50 in 1000 live births and approximately 8% of the patients with congenital heart diseases
are diagnosed with single ventricle defect (univentricular heart). The birth incidence of the
univentricular heart is approximately 4 to 8 in 10,000 live births [10].
A Normal heart has two ventricles; these ventricles generate the pressure gradient
for driving the blood flow into the circulatory system. However, one of the ventricles in
1

Figure 1.1: Diagram of normal biventricular heart and heart with HLHS. An HLHS heart
has one ventricle or the other ventricle exists but it is normally small and dysfunctional.
Photo placed into public domain by Mariana Ruiz.

a patient with Hypoplastic Left Heart Syndrome (HLHS) is severely underdeveloped and
not functional or does not even exist. Figure 1.1 illustrates the difference between a single
ventricle heart (HLHS) and a normal bi-ventricular heart.
In the HLHS circulation, the existing single ventricle pumps a mixture of deoxygenated (venous return from the superior vena cava and inferior vena cava) and oxygenated
blood (from lungs) to the entire circulatory system. For the survival of HLHS patients after
the birth, they need to undergo three stages of surgeries at different ages. These surgeries
are aimed to augment the blood oxygen level and unload the excessive blood volume on the
single ventricle. However, even after these surgeries, the mortality rate of these patients is
still very high; i.e. a two-year follow-up study [11] showed that after the stage 1 operation
(known as Norwood producer), a relevant number of the single ventricle patients will not
survive (≈40%). The second procedure is called bidirectional glen (or hemi-Fontan) and
the last stage is known as Fontan operation. Through each operation, more blood flow is

2

Figure 1.2: Diagram shows a single ventricle heart after staged operations. A) Single ventricle after Norwood operation 1) A shunt that has been placed between subclavian artery
and the pulmonary artery. 2) Removal of the atrial septum 3) Pulmonary artery stump
4) the ascending aorta anastomosed to main pulmonary artery to create an unobstructed
pathway. B) After the Glen operation ≈6 months after birth. 1) The superior vena cava
detached from the right atrium and connected directly to the right pulmonary artery 2)
removal of the arterial shunt. C) Fontan procedure at 2-5 years of age. The inferior vena
cava is detached from the heart and anastomosed to the right pulmonary artery. 1) The
inferior vena cava connected to the right pulmonary artery. The entire venous return is now
directed to the lungs. 2) A fenestration that has been created to allow residual right to left
mixing. This diagram is from [4].

diverted to the lungs; following the Fontan producer, the entire venous return bypasses the
heart and flows directly to the lungs. After the Fontan completion, the SVC and IVC are
connected to the pulmonary artery according to figure 1.2.

1.1.2

Fontan Operation

Over the past 50 years, Fontan operation has been the most definitive palliative care
for patients with single ventricle defect. Currently, 50,000-70,000 patients worldwide exist
that have been able to survive because of the Fontan operation [12]. However, a significant
number of these patients will eventually develop circulatory failure as a result of the poor
hemodynamics following the Fontan procedure [13, 14].
Although the single ventricle defect is rare, the annual estimated healthcare cost
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surpasses $500 million [15]. Based on a 10 year follow up study, 1 out of 4 children after the
Fontan operation will not survive [14]. Failing stage in a Fontan circulation manifests itself
in a cascade of the pathological consequences such as protein-losing enteropathy, hepatic
failure, and gut dysfunction.
Previous clinical measurements [14, 16, 17] have recorded pulmonary arterial hypotension and high caval pressure (also known as “Fontan paradox” ) in single ventricle
patients after Fontan procedure. In fact, chronic high caval pressure is found to be the
main determinant of many Fontan-related diseases and circulatory failure [18]. Low pulmonary pressure and attenuated pulmonary vascular pulsatility also underlie subnormal
pulmonary vascular resistance in Fontan patients [19].
The elevated pulmonary vascular resistance concurrent with low cardiac output in
Fontan patients are the key risk factors of the Fontan failure. Single ventricle patients following the Fontan operation also display signs of cardiac malfunction [20]. The progression
of the ventricular stiffness initiates early after the Fontan procedure possibly as a result of
preload depletion.

1.2

Research Motivation
Most Fontan patients are unable to receive a heart transplantation either because

they are poor candidates as a result of the previous several surgeries and multiple organ
dysfunctions or because of the unavailability of a matching organ donor. Mechanical assisted
device to propel the venous return forward into the lungs has been suggested as a solution
to reverse the Fontan paradox.
Conceptually, a device properly implemented in the cavopulmonary pathway could
generate a slight pressure boost that benefits the hemodynamics by lowering the caval pressure and augmenting the cardiac output. Clinical application of the cavopulmonary device
4

is most likely to happen in failing patients; these patients are in desperate need of an immediate therapeutic solution. However, the right circulatory support is not currently
employed in the clinical management of the single ventricle patients because
there is currently no pump available in the market and regulatory approved
for this application. However, several pump prototypes has been introduced for cavopulmonary support. Such a pump should be able to work in low pressure environment and be
able to serve failing Fontan population.

1.3

Dissertation Overview
This dissertation is organized as follows:
The second chapter of this dissertation, we investigate the off-label use of a ven-

tricular assist device as a cavopulmonary support. Also, this chapter presents two surgical
configurations for installation of a right support and evaluates how hemodynamic outcome
is different between these configurations.
Then, in the third chapter we present the criteria for designing a suitable cavopulmonary support that can be used for serving a majority of the failing Fontan population.
In chapter four, we present a new hybrid computational-experimental framework
for testing medical products that captures closed-loop heart response to any change in the
experimental or computational model. This framework is called ”The Physiology Simulation Coupled Experiment” and capitalizes on the strengths of both computational
and experimental methods in a single model.
Finally, chapter 5 discusses the contribution of this dissertation and future direction.
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Chapter 2

Risks and Benefits of Using a
Commercially Available
Ventricular Assist Device for
Failing Fontan Cavopulmonary
Support [1, 2]
Further research is needed to compare the hemodynamics between the two clinicallyconsidered surgical configurations (Full Support and IVC Support) for cavopulmonary assist,
with Full and IVC Support corresponding to the entire venous return or only the inferior
venous return, respectively, being routed through the VAD. In this chapter, we used a numerical model of the failing Fontan physiology to evaluate the Fontan hemodynamic response to
a left VAD during the IVC and Full supports. We observed that during the Full support the
VAD improved the cardiac output while maintaining blood pressures within safe ranges, and
lowered the IVC pressure to <15mmHg; however, we found a potential risk of lung damage
6

at higher pump speeds due to the excessive pulmonary pressure elevation. IVC support the
other hand, did not benefit the hemodynamics of the example failing Fontan patients, resulting in the superior vena cava pressure increasing to an unsafe level of >20 mmHg. The
findings in this study may be helpful to surgeons for recognizing the risks of a cavopulmonary
VAD and developing coherent clinical strategies for the implementation of cavopulmonary
support.

2.1

Overview
This study focuses on the cavopulmonary support scenario where a mechanical as-

sist device propels the venous return forward into the lungs as an attempt to reverse the
Fontan paradox. Conceptually, a pump properly implemented in the cavopulmonary pathway could generate a slight pressure boost that benefits the hemodynamics by lowering the
caval pressure and augmenting the cardiac output. Earlier studies either have suggested
implementing the cavopulmonary device to directly pump the inferior vena cava (IVC) flow
to the pulmonary artery (“IVC assisted configuration”) [21–23] or proposed the “Fully assisted configuration” to pump the entire venous return to the pulmonary artery [24, 25]
(Figure 2.1). Previously, Molfetta et al. [26] showed that an ideal cavopulmonary pump
could promote the cardiac output by 34% during IVC support. To our knowledge, there
has been no study that directly assesses how the hemodynamics compare between these two
surgical configurations for the installation of the cavopulmonary assist device.
A concerted work is in progress to develop a cavopulmonary assist device as a
bridge to cardiac transplantation or for long-term support. Researchers have suggested
several prototypes for powering the Fontan circulation [22, 27–30]. While these prototypes
are designed to be compatible with a low-pressure operating environment, they are not
commercially available and thus not employed in the clinical management of single ventricle
patients. As such, a relevant clinical question is whether an existing VAD originally designed
7

Figure 2.1: Schematic representation of the surgical configurations for the cavopulmonary
assist installation. (A) Fully assisted configuration (Full support) and (B) IVC assisted
configuration (IVC support). LPA: Left pulmonary artery, RPA: Right pulmonary artery
SVC: Superior vena cava, IVC: Inferior vena cava.

for the left side application can be used as right-side support in a failing Fontan patient.
Therefore, the objectives of this study are 1) to identify the possible risks and benefits of the off-label use of the Jarvik 2000 (or another left VAD with similar mechanical
performance) for IVC and Full support in adult failing Fontan patients, and 2) to assess how
the hemodynamics compare between the IVC and Fully assisted surgical configurations for
installation of the cavopulmonary assist device. We hypothesized that it is possible to use
a left VAD for the cavopulmonary application and to palliate the failing Fontan condition
albeit with potential risks. To test this hypothesis, we first performed a sensitivity analysis
on a lumped parameter network (LPN) model of the healthy adult Fontan physiology to
attain a quantitative understanding how different factors affect the Fontan circulation; next
we constructed a failing Fontan circulation model and simulated the IVC and Fully assisted surgical configurations to determine hemodynamic aberrations of each configuration
at different pump speeds.
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2.2

Physiology model of the healthy Fontan circulation (baseline)
A closed-loop LPN was employed to model the Fontan physiology (Figure 2.2).

A full description of the modelling protocol has been described in our previous work [5].
Briefly, the LPN can adjust model parameters such as cardiac function, vascular resistances,
vascular compliances, and respiratory parameters to simulate the hemodynamics of a Fontan
patient. The transmyocardial pressure (Psv ) generated by the single ventricle drives the
flow in the circuit and is defined to be correlated with the ventricular elastance and volume
(Equations 2.1 and 2.2). The ventricular time-dependent elastance “E(t)” is defined as a
function representing ventricular filling and contraction.

Psv (Vsv , t) = E(t)(Vsv − Vsv0 )

E(t) = Emax En(

0.3
t) + Eof f set
tsvs

(2.1)

(2.2)

t is the time point in the cardiac cycle. The systolic period is given by tsvs , where Vsv0
and Vsv are the ventricular reference volume and ventricular volume, respectively. En
is the normalized elastance function. Emax is related to the contractility and ventricular
ejection fraction. Eof f set reflects ventricular filling. The ventricular compliance is correlated
with ventricular filling and thus Eof f set is also considered as a measure of the ventricular
compliance.
In this study, we tuned the LPN models according to [5] to represent two healthy
adult example Fontan patients with a small and large body surface area (BSA) under resting
condition. The small patient has weight=50kg and height=150cm and the large patient has
weight=75kg and height=180cm.
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IVC pressure response (%)

Cardiac output response (%)
Atrial pressure response (%)

0% Compliance decrement
25% Compliance decrement
50% Compliance decrement
75% Compliance decrement
X-axis: PVR increment (%)

Figure 2.2: LPN model of the Fontan circulation coupled with the VAD describing either
the (A) Full Support or (B) IVC Support scenario. Pressure points (Psub ) are labelled on
the diagram. Lsub and Rsub are inductor and resistor components, respectively. [5]

2.3

Sensitivity analysis
Most of the single ventricle patients following the Fontan operation display signs of

ventricular diastolic dysfunction and elevated pulmonary vascular resistance [19, 20, 31]. To
determine how ventricular diastolic dysfunction and pulmonary vascular resistance affect
hemodynamic parameters such as cardiac output, atrial pressure, and IVC pressure in a
failing Fontan circulation, we performed a sensitivity analysis using LPN simulations where
in each example patient we decreased the ventricular compliance by an amount from 0 to
75% and increased the pulmonary vascular resistance by an amount from 0 to 100% of their
baseline values with a step change of 25%. We maintained the ventricular contractility
at its baseline value because previous studies have shown that ejection fraction is mostly
preserved in the majority of failing and healthy Fontan patients [31–33].
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2.4

Physiology model of the failing Fontan circulation
A failing circulation is characterized by high pulmonary vascular resistance and low

cardiac output [18]. Increased pulmonary vascular resistance is partly attributable to low
pulmonary pressure and attenuated pulmonary vascular pulsatility in Fontan patients [19].
Clinical reports show that on average in a failing Fontan circulation, pulmonary vascular
resistance is elevated by 68% [18] and cardiac output is reduced by 40% [6, 18] compared to
the healthy Fontan circulation.
Moreover, Hebson et al. [34] reported that adult failing Fontan patients had lower
systemic vascular resistance in comparison with asymptotic Fontan patients, possibly due
to the autonomic control maintaining the total vascular resistance. A previous report
showed that 73% of the Fontan patients also suffer from a decrease in ventricular compliance
(resulting in ventricular diastolic dysfunction) that initiates early after the Fontan procedure
possibly as a result of preload depletion [31].
To simulate the failing Fontan circulation based on these clinical findings, we first
increased the pulmonary vascular resistance by 68% from the baseline. Then, we reduced the
systemic vascular resistance to compensate for the elevated pulmonary vascular resistance
such that the total vascular resistance is maintained. Finally, we decreased the ventricular
compliance from the baseline to obtain a 40% reduction in the cardiac output emulating
ventricular diastolic dysfunction.

2.5

Model of cavopulmonary support
Using the failing Fontan LPN, we modelled the IVC and Fully assisted cavopul-

monary support configurations as shown in Figure 2.2. Two thirds of the left VADs implanted in patients in the USA are axial-flow VADs [35], many with similar hydraulic
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Pressure head (mmHg)

Pressure head (mmHg)

A

Flow (L.min-1)

Flow (mL.s-1)

Figure 2.3: Blood pump characteristic curves. (A) Comparison of head curves of several
commonly used left VADs operating at their lowest rotor speeds vs the operating range of
the Jarvik 2000, and (B) Performance curves of the Jarvik 2000 blood pump at different
rotor speeds.

characteristics curves as the Jarvik 2000 (Jarvik Heart, Inc., New York, NY, USA). The
performance range of the Jarvik 2000 can encompass the characteristic curves of several
commonly used VADs operating at their lowest rotor speeds (Figure 2.3.A) [36, 37]. Therefore, we modelled the Jarvik 2000 as a representative VAD in this study.
The off-the-shelf operating range of the Jarvik pump is 8000-12000rpm. We modified
the off-the-shelf controller to achieve lower pump speeds down to 4400rpm, then performed
a series of physical flow experiments to characterize the blood pump (Figure 2.3.B). The
details of the flow experiments are included below. The pump model is presented in the
form of a 3rd order polynomial equation (2.3) [3, 38].

∆P = aQ3 + bQ2 + cQ + d

(2.3)

Where ∆ P [mmHg] is the pressure head across the pump and Q [mL.s−1 ] is the
flowrate through the pump ranging from 0 to 100 mL.s−1 . a, b, c and d are constants
dependent on the pump speed (Table 2.1).
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Rotor speed (rpm)
4400
5500
7000
8500
9500

a
-0.1563×10−3
-0.1181×10−3
-0.1838×10−3
-0.1371×10−3
-0.1627×10−3

Coefficients
b
c
-0.002356 -0.1267
-0.003486 -0.0711
0.01323
-0.8355
0.0106
-0.854
0.02024
-1.511

d
20.55
30.83
56.91
79.86
107.2

Table 2.1: Coefficients for the Jarvik 2000 blood pump performance characteristic model
at different rotor speeds.

2.6

Physical Flow Experiments
We conducted several steady tests in the physical experiment to characterize the

Jarvik 2000 performance at different rotor speeds and to relate the flow through the pump
and corresponding ∆P. We fitted a 3rd order polynomial equation on each set of measured
flow and pressure data points at each rotor speed (Figure 2.3). Figure 2.4 shows the experimental setup used for characterizing the Jarvik pump.
We used 40% glycerol solution as the working fluid due to its similar density (1092.4
kg/m3 ) and viscosity (0.004 Pa.s) to those of blood. For driving the working fluid and
generating a steady flow through the Jarvik pump, we used a gear pump as shown in Figure
S1. A clamp-on flow probe (9PXL, Transonic Systems, NY) and a flow meter (TS410,
Transonic Systems, NY) were used for monitoring the volumetric flow rate through the
Jarvik pump and rigid tubes. We measured the pressures at the inlet and outlet of the
Jarvik pump by inserting catheter pressure transducers through the small ports at those
locations. The pressure transducers were connected to a pressure box (PCU 2000, Millar
Instruments, TX) for collecting the pressure signals. We carried out the data acquisition by
using a compact DAQ chassis (NI cDAQ 9174, National Instruments, TX) with mounted
NI 9205 and NI 9263 modules (National Instruments, TX). The data were exchanged at a
sampling rate of 1kHz between a desktop computer (a costume MATLAB program) and
the physical experiment.
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Figure 2.4: Schematic representation of the physical experiment setup. This setup is used
to obtain the characteristics equations of the Jarvik 2000 at different rotor speeds. The
gear pump produces the steady flow. The pressure and flow sensors are placed downstream
of the pump to collect the signals.

2.7
2.7.1

Results
Sensitivity analysis

We quantified the sensitivity of the Fontan hemodynamics to variations in the pulmonary vascular resistance and ventricular compliance (Figure 2.5). Both example patients
we simulated had a similar response to the sensitivity analysis. While the cardiac output
and atrial pressure were affected by both pulmonary vascular resistance and ventricular
compliance, they were more sensitive to the ventricular compliance. For every 25% decrement in the compliance, the cardiac output decreased by 11% and atrial pressure increased
by 24%. For every 25% increment in the pulmonary vascular resistance, the cardiac output
decreased by 3%, and atrial pressure decreased by <2.5%. Moreover, the slope of the
lines at different levels of ventricular compliance indicated that the atrial pressure became
14

Figure 2.5: Hemodynamic response of the large simulated patient to the variations in the
pulmonary vascular resistance (PVR) and ventricular compliance. CO: Cardiac output,
Pivc: IVC pressure and Psa: Atrial pressure.

slightly more sensitive to the pulmonary vascular resistance at lower ventricular compliances. The IVC pressure is sensitive to changes in both the pulmonary vascular resistance
and the ventricular compliance.

2.7.2

Failing Fontan physiology

In our simulations, the hemodynamic parameters of a failing circulation were significantly different from those of the healthy Fontan patients (Table 2.2 and Figure 2.6).
Compared to the baseline, the arterial pressure in the failing circulation was significantly
lower ( 30%); the clinical data reported by Cavalcanti et al. [6] and Egbe et al. [17] similarly
showed a 23% decrease in arterial pressure. The simulations indicated that the IVC pressure
elevated on average by 50% (6.5mmHg) in the failing Fontan patients comparing to the
baseline, also consistent with previous reports [6, 17, 34]. The atrial pressure substantially
15

Parameters

Baseline / Failing
Small patient Large patient
150
180
50
75
1.44
1.94
3.56/2.14
4.71/2.86
89.44/63.10
87.64/61.69
8.00/14.62
7.46/13.45
12.29/18.90
11.66/17.88
12.29/18.90
11.66/17.88

Height (cm)
Weight (kg)
BSA (m2 )
Cardiac output (L.min−1 )
Arterial pressure (mmHg)
Atrial pressure (mmHg)
Pulmonary pressure (mmHg)
IVC pressure (mmHg)

Table 2.2: Mean values of the hemodynamic parameters from simulations of the two example
Fontan patients at baseline and during Fontan failure.

Figure 2.6: Failing Fontan hemodynamics in comparison with the baseline. The averaged
hemodynamic data of two example failing Fontan patients were normalized with respect to
the baseline. Cardiac output (CO), arterial pressure (Pa), IVC pressure (Pivc), pulmonary
pressure (Ppul) and atrial pressure (Psa) are presented.

increased in the failing Fontan models by an average of 81%.
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2.7.3

Cavopulmonary support for the failing Fontan circulation (Figure
2.7)

2.7.3.1

Fully assisted configuration

The presence of the VAD increased the cardiac output and favourably decreased
the IVC pressure across all pump speeds for the small patient but only above 5000rpm for
the large patient. For the large patient with rpm <5000, the cardiac output and the IVC
pressure deteriorated and changed by -7.5% and +5.6%, respectively.
For both patients, the cavopulmonary VAD generally resulted in the reduction of the
superior vena cava (SVC) pressure. For every 1000rpm increase in the pump speed, the IVC
pressure decreased by 20% and the cardiac output improved by

10% on average. Higher

pump speeds (small patient: > 5500rpm, large patient: > 6800rpm) led to the elevation
of the pulmonary pressure level to >25mmHg, which is above safe physiological range [39].
Overall, the rpm values for improving cardiac output while maintaining pressures within
safe physiological range was between 5000-6800 for the large patient and 4400 to 5500 rpm
for the small patient.

2.7.3.2

IVC assisted configuration

While the IVC support augmented the cardiac output and led to a favourable decrease in the IVC pressure, the SVC pressure increased to above 20mmHg even at the
lowest pump speed (4400rpm) for both patients. The IVC pressure was highly sensitive to
the pump speed, continually decreasing with increasing pump speed.
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Figure 2.7: Comparison of hemodynamic parameters during Full and IVC support at different rotor speeds. Simulation results of the (A) large patient and (B) small patient. Cardiac
output (CO), SVC pressure (Psvc), IVC pressure (Pivc), pulmonary pressure (Ppul).

2.8

Discussion
The Fontan procedure is currently the standard-of-care final procedure for the pal-

liation of single ventricle defects. However, Fontan patients are predisposed to circulatory
failure as a result of the abnormal hemodynamics. This study aims to evaluate the risks and
benefits of the off-label use of a left VAD during Full and IVC support in failing Fontan patients with diastolic dysfunction. Through simulations, we showed that a proper implementation of an arterial pump in the right circulation could benefit the Fontan hemodynamics.
We constructed the failing Fontan model employing clinical data available in the literature
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and found that the failing circulation model to be in general agreement with previous reports [26,27,40]. Our model sensitivity analysis showed the association of the hemodynamic
parameters (e.g. cardiac output, IVC pressure, atrial pressure) with pulmonary vascular
resistance and ventricular diastolic dysfunction. The results of this analysis suggested that
the significant elevation of IVC pressure in a failing circulation reported in previous clinical
studies [6, 34] is equally attributable to the high pulmonary vascular resistance as well as
elevated downstream pressure related to ventricular compliance reduction. Furthermore,
deterioration of ventricular compliance had significant implications on the atrial pressure,
cardiac output, and central venous pressure; thus, it is important to include ventricular
diastolic dysfunction in failing Fontan circulation models. The sensitivity analysis indicated that changes in the ventricular compliance and pulmonary vascular resistance had
considerable and minimal effects on atrial pressure, respectively. This implies that elevated
atrial pressure may be an indication of ventricular diastolic dysfunction in failing Fontan
patients. The sensitivity analysis also showed that ventricular diastolic dysfunction and
elevated pulmonary vascular resistance both decreased the cardiac output. Cardiac output
reduction and consequently further preload starvation most likely will result in additional
deterioration of the ventricular diastolic function [20,41] leading to a positive feedback loop
and eventually cardiac failure in failing Fontan patients. Therefore, augmentation of the
cardiac output is a crucial factor for the survival of these patients.
The utilization of the right-side circulatory device to promote the hemodynamics of
a failing Fontan is appealing; however, implanting the cavopulmonary device on the right
circulation is surgically complex. Implementation of the pump in a failing Fontan requires
additional invasive surgeries for taking down the venae cavae for cannulation. From a
surgical point of view, the Full assist configuration is relatively more invasive because of the
additional steps necessary for detaching and anastomosing both the SVC and IVC. However,
our simulations showed that IVC support had limitations. While surgical implementation
of IVC assist is perhaps less complex, the model revealed that the pressure generated by

19

the pump even at the lowest speed was excessively high (7mmHg at 1.66 L/min of flow)
and resulted in elevation of the SVC and pulmonary pressure to above 22mmHg and out
of acceptable physiological ranges. Cerebral venous thrombosis, a result of elevated central
venous pressure, is frequent after the Fontan operation (occurring in 21% of patients) [42–
44]. Precipitous rise of the SVC pressure due to an IVC assist pump transmitted to the
cerebral venous circulation could further predispose the patient to thrombosis.
Shimizu et al. [23] reported that IVC assist is more suitable for Fontan cavopulmonary support. They modelled a similar size example patient with weight=75 kg and
BSA=1.9 m2 . The disparity between our conclusions is likely due to the differences in the
pump models employed and the cardiac function prescribed in the physiology simulations.
The pump model that they employed was more compatible with the low-pressure environment. This pump, although not currently commercially available, was capable of generating
smaller pressure boost at low flow rates (resulting in lower SVC pressure). Additionally,
their example patient had a normal ventricular diastolic function and consequently higher
IVC flow and cardiac output. Nonetheless, their study also confirmed that the elevation
of the SVC pressure by the presence of the pump is a major drawback of the IVC assist
configuration.
Risk of venous collapse is another important concern with the IVC assist configuration while using a left VAD. Riemer et al. [21] observed the intermittent collapse of the IVC
and subsequent decrease in the IVC flow in animals after implementing a HeartMate II in
the IVC. Our simulation results also implied the possibility of venous collapse at the inlet
of the pump due to the very low IVC pressure at high pump speeds. On the other hand,
for the fully assisted configuration the caval pressure remained positive across all pump
speeds we examined; this result is consistent with the report by Gandolfo et al. [25] where
no venous collapse was observed after implanting the Jarvik 2000 on the right circulation
of four sheep using the Full Support surgical configuration.
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Although the risk for venous collapse was lower in Full support, the simulations
showed that over-filling of the Jarvik pump at low pump speeds was a major shortcoming
of this configuration. In the large patient and for pump speeds <5000rpm, the blood
pump obstructed the flow and resulted in a reduction of the cardiac output and undesirable
increase of the IVC and SVC pressure. However, in the small patient no pump over-filling
was observed due to the lower venous return flow rates.
During Full support, we were able to identify a range of the pump speed for each
example patient that resulted in improved hemodynamics. However, the optimal range was
outside of the off-the-shelf range of the Jarvik 2000 (i.e. 8000-12000rpm). While maintaining
all the pressure in the safe physiologic range, the cardiac output increased by up to 30%
at 5500rpm and 6800rpm for the small and large patients, respectively. The optimal pump
speeds depended on the specific hemodynamics of the failing patient and performance of
the pump. Therefore, subject-specific modelling is important for identifying suitable pump
speeds while investigating cavopulmonary assist.

2.8.1

Limitations

Currently, the cavopulmonary device is not employed in the clinical management of
Fontan patients, therefore the results of this study cannot be validated against clinical measurements. Fluctuation in the rotational speed of the pump as a result of pulsatile flow has
been observed in our previous experimental study [33]; while the LPN model is not capable
of capturing these fluctuations, since the pulsatility in the pulmonary flow is low, these
fluctuations should not result in significant error in the simulated hemodynamic outcomes.
Another limitation of the current study is that the LPN model is not able to resolve vessel
wall shear stress, which is known to impact endothelial function and pulmonary vascular
resistance in Fontan patients. Finally, the numerical model is tuned based on clinical data
from adult patients [22], therefore the results should not be expanded to pediatric patients.
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2.9

Conclusion
The computational model we presented suggested that a cavopulmonary VAD can

benefit failing Fontan patients and that IVC assisted configuration is associated with higher
risks compared to Full assist. The proper adjustment of a cavopulmonary device depends on
the device characteristics and hemodynamic state of the patient; we therefore recommend
subject-specific modelling for identifying the pump speed range that would benefit the
patient. Future studies should focus on designing a blood pump that has the performance
requirements for cavopulmonary application. We showed that, theoretically, a modified left
VAD (Jarvik 2000) implemented in the right circulation can help failing Fontan patients.
However, further research is needed to examine the risks associated with the modification of
a left VAD to achieve lower pump speeds since such modifications can affect the reliability
and stability of the device. Other methods for reducing the pressure generated by the pump
such as trimming of the rotor blades [25] can also be further investigated in future studies.
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Chapter 3

Cavopulmonary Support Operating
Criteria for Serving the Failing
Fontan Population
This chapter aims to elucidate the hydraulic operating regions that should be targeted for designing cavopulmonary blood pumps. By integrating numerical analysis and
available clinical information, the interaction of the cavopulmonary support via the IVC
and full assist configurations with a wide range of simulated adult failing patient cases was
investigated; with IVC and full assist corresponding to the inferior venous return or the
entire venous return, respectively, being routed through the device. We identified the desired hydraulic operating regions for a cavopulmonary assist device by clustering all head
pressures and corresponding pump flows that result in hemodynamic improvement for each
simulated failing Fontan physiology. Results show that IVC support can produce beneficial
hemodynamics in only a small fraction of failing Fontan patients. Cavopulmonary assist
device could increase cardiac index by 28% and decrease the inferior vena cava pressure by
35% depending on the patient’s pre-support hemodynamic state and surgical configuration of
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the cavopulmonary assist device (IVC or full support). The desired flow-pressure operating
regions we identified can serve as the performance criteria for designing cavopulmonary assist devices as well as evaluating off-label use of commercially available left-side blood pumps
for failing Fontan cavopulmonary support.

3.1

Overview
Recently, in addition to the traditional class of failing Fontan patients, a new failing

Fontan phenotype class with high caval pressure and normal cardiac output has been recognized [45, 46]. Despite normal cardiac output, this failing Fontan class is sicker compared
to the traditional group, possibly due to more severe liver-related complications [47]. While
some researchers have found no association between Fontan related liver complications and
cardiac output [48], others have suggested liver fibrosis and hepatic arterialization as a cause
for the higher cardiac output in this group of failing Fontan patients [49].
The growing population of Fontan patients suffering from life-threatening late complications signifies the importance of undertaking engineering and medical efforts to address
the unmet therapeutic need and ameliorate limitations of the Fontan circulation.
Cavopulmonary support for failing Fontan patients has been unsuccessful as a result
of hemodynamic differences between these patients [50].A suitably designed cavopulmonary
assist device should be versatile enough to serve a wide range of failing Fontan patients
with various levels of hemodynamic instability. The objective of this study is to identify
the desired operating regions for such a device in the setting of inferior vena cava (IVC)
and full assist surgical configurations.
In this study [51], we classified hemodynamic failure in Fontan patients into two
groups: 1) traditional failure with low cardiac output concurrent with chronic high caval
pressure and 2) failure with chronic high caval pressure concurrent with normal cardiac
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output. Each group encompasses physiologic cases with various hemodynamic states. We
developed numerical models to simulate a full range of failing stage Fontan physiologies
in each phenotype class reflecting pathological conditions with various severity levels of
systolic dysfunction, diastolic dysfunction, and abnormal systemic and pulmonary vascular resistances. The Fontan physiologic cases with different hemodynamic conditions were
modeled to represent at least 95% of patients in both failing phenotype groups. Next, a
cavopulmonary assist device generating a range of head pressure rises (from 0-30mmHg)
during full and IVC support was modeled for each physiologic case. In each simulated case,
we identified the pump head pressures and the resulting pump flows (P-Q data points) that
produce hemodynamic improvement, signified by reduced IVC pressure (most important)
and other desirable hemodynamic changes. Lastly, we identified the desired operating regions for designing a cavopulmonary assist device suitable for the full or IVC support by
clustering all of the P-Q data points that resulted in hemodynamic improvement in all
simulated failing Fontan physiology.

3.2
3.2.1

Methods
Physiology model of the healthy Fontan circulation (Baseline)

In an earlier chapter, we used clinical and physiological data from healthy Fontan
patients to develop and validate a closed-loop lumped parameter network (LPN) model for
describing the healthy Fontan circulation (Fig. 3.1). Table 3.1 details the range of timeaveraged values of selected physiologic parameters of six healthy Fontan patients (baseline)
with various body sizes. The simulation are performed based on the assumption that these
six body sizes cover a broad range of the Fontan population. Parameters used for setting
the LPN component values for each patient at the baseline are derived according to our
previous study [5].
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Figure 3.1: Closed-loop lumped parameter model of the Fontan circulation. Conceptual representation of the (A) Full support and (B) IVC support assist device coupled
to the LPN model of the Fontan circulation. R is cavopulmonary connection’s dynamic
resistance, Cavo-Device is cavopulmonary assist device, LPA is left pulmonary artery,
RPA is right pulmonary artery SVC is superior vena cava, IVC is inferior vena cava.
Pressure points (Psub ) are labeled on the diagram. Lsub and Rsub are inductor and resistor
components, respectively [5].

3.2.2

Physiology model of patients with hemodynamic failure

There are several determinants which influence hemodynamic parameters such as
patient’s body size, cardiac function and the aberration level of systemic and pulmonary
vascular resistances. In this paper, we used the baseline model as a starting point for
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Table 3.1: Mean values of the hemodynamic parameters from simulations of the 6 example
Fontan patients at baseline.
Parameters
BSA (m2 )
Cardiac output (L.min−1 )
Arterial pressure(mmHg)
Atrial pressure(mmHg)
Pulmonary pressure (mmHg)
IVC pressure (mmHg)

Range
[1.27-2.3]
[3.37-5.79]
[91.98-97.10]
[8.90-9.92]
[13.37-14.50]
[13.37-14.50]

building physiology models of patients in the failing stage. This was achieved by adjusting
the component values corresponding to the pulmonary and systemic vascular resistances as
well as the systolic and diastolic ventricular functions. To include a wide range of patient
cases for each phenotype group, for each of the six patient body size baseline models, we
simulated different physiologic cases with different level of pulmonary and systemic vascular
resistances and severity of systolic and diastolic dysfunctions. The structure of the LPN
circuit is not affected by these changes, only the component values are. Ohuchi et al. [7]
and Cavalcanti et al. [6] have evaluated the hemodynamics in adult failing Fontan patients
and presented a broad range of clinically measured physiologic values of cardiac index and
arterial and IVC pressures for failing patients as mean value with 1 standard deviation
(SD). We modeled physiologic cases in each phenotype class such that the range of simulated scenarios (e.g., cardiac index, arterial pressure, IVC pressure) cover approximately
2SD of those clinically measured parameter values; based on the three-sigma rule, 2SD from
the mean value encompasses ≈95% of the population values [52].

3.2.2.1

LPN Model of Group I phenotype (Failing patients with high caval
pressure and low cardiac output)

This phenotype is well recognized. The circulation in this class of patients generally
deteriorates as a result of systolic dysfunction, diastolic dysfunction, and high pulmonary
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vascular resistance [7, 46, 53]. Therefore, we simulated this phenotype by reducing ventricular contractility (Emax , representing ventricular systolic function), increasing ventricular
stiffness (Eof f set , representing ventricular diastolic function) and increasing pulmonary vascular resistance (PVR). These values were incrementally changed to model various severity
levels of hemodynamic aberration according to the following protocol:

1) The range of Emax was defined to start at the baseline value and end at the value
that results in an ejection fraction of 30% [26] (this corresponds to a specific cardiac output).
2) While Emax was held constant at its baseline value, the range of Eof f set was defined to
start at the baseline value and end at the value that results in the cardiac output obtained
at the end of step (1).
3) Similarly, while Emax and Eof f set were maintained at their baseline values, PVRś range
was defined to start at its baseline value and end at the value that results in the cardiac
output obtained at the end of step (1).
4) A number of equally spaced levels for each input variable (PVR, Emax , Eof f set ) over
their ranges, as determined in steps (1-3), were used in all possible permutations to simulate
a wide range of possible failing physiologic cases.
5) Next, selected physiologic parameters (IVC pressure, cardiac index, and arterial pressure) from each simulated case were evaluated against clinical catheterization data from
failing Fontan patients reported by Cavalcanti et al. [6].
The simulated cases where the selected physiologic parameters fall outside of approximately
2SD of the mean value of the clinical catheterization data were discarded. This resulted in
500 simulated patient cases for group I.
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3.2.2.2

LPN Model of Group II phenotype (Failing patients with high caval
pressure and normal cardiac output)

To our knowledge, there exists currently no mathematical circulation model available
for this group. The pathophysiology related to this class of patients is not well understood.
While the cardiac function in this group of patients is normal, the systemic vascular resistance (SVR) is abnormally low. Moreover, contrary to the traditional group of failing
Fontan patients, the pulmonary vascular resistance in these patients is often low [46]. To
simulate this class of Fontan failures, we decreased the systemic and pulmonary vascular
resistances over a wide region from their baseline values while maintaining normal ventricular systolic and diastolic function. There is limited information on the level of systemic
and pulmonary vascular resistance aberration in this recently recognized group of failing
patients. Therefore, we investigated the SVR and PVR values in our models such that the
selected physiologic parameters from simulations cover 2SD of the mean value of the clinical
data through the following steps:

1) The region of interest of SVR was defined to start from its baseline value (SVR0 ) and
end at 10% of SVR0 . 10 equally spaced levels for SVR over its region of interest were taken.
2) The region of interest of PVR was defined to start from its baseline value (PVR0 ) and
end at 20% of PVR0 . 10 equally spaced levels for PVR over its region of interest were
taken.
3) Similar to the procedure used for group I, we compared the simulated physiologic cases
in group II with clinical data from group II failing patients reported by Ohuchi et al. [7]
and removed physiologic cases that were outside of 2SD of the mean value of the clinical
data. These steps resulted in 281 simulated patient cases for group II.
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3.2.3

Cavopulmonary assist device implementation (Fig. 3.1)

We modeled the implementation of the cavopulmonary support via IVC and full
assist surgical configurations. The graphic in Fig. 3.1 is for the purpose of illustrating the
blood routing concept of the IVC/full support configurations, not as a geometric surgical
guide for device placement. In a realistic clinical scenario, the implant will most likely be
extracorporeal.
The dynamic flow resistance of the surgical junction geometry is flow-related. Therefore, a variable resistance is added to the LPN model as shown in Fig. 3.1 to estimate the
dynamic changes in this resistance value as a result of pump-induced flow augmentation.
The details of the experimental setup for characterizing the value of this dynamic resistance
are included in the Appendix A.

3.2.3.1

Model of full assist configuration (Fig. 3.1A)

In this configuration, the pump is implemented such that it drives the entire venous
return to the lungs. Implanting the pump would require performing a Fontan ”takedown”
and additional surgeries for anastomosis of the superior vena cava (SVC) and IVC conduit;
this implies that both vena cavae are at the pump’s inlet, having the same blood pressure.
For the purpose of illustration, Fig. 3.1A shows a potential configuration where an extra
conduit connects the cavopulmonary device between the vena cava and the pulmonary
artery.

3.2.3.2

Model of IVC assist configuration (Fig. 3.1B)

In this configuration only the IVC flow passes through the pump. The IVC pump is
implemented in series with the Fontan baffle and the pump’s inlet and outlet are connected
to the IVC and the right/left pulmonary arteries confluence in the LPN circuit, respectively.
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The zero-dimensional LPN model does not contain spatial information, therefore, the TCPC
junction being at the same node as the SVC shares an equal blood pressure; and the IVC
shares the same pressure as the pump’s inlet.

3.2.4

Desired operating regions for cavopulmonary assist device

Overall, 781 (500 for group I + 281 for group II) different patient cases were simulated. For each patient case and with the full and IVC assist surgical configurations, we
simulated device head pressure rises from 0-35mmHg in 0.5mmHg increments. Overall,
approximately 110,000 (781 patients cases×2 configurations×70 head pressure rise values)
simulations were carried out to obtain the desired operating regions. The algebraic and ordinary differential equations obtained from the LPN models were solved using Runge Kutta
method programmed in Fortran. Simulations were carried out for 30 seconds to ensure that
all flows and pressures in the LPN circuit stabilize. All results we report in this paper reflect
the stabilized state.
High caval pressure is the main determinant of Fontan related diseases. Thus, for
each simulated case, the head pressures and the resultant corresponding pump flows that
led to a decrease in the caval pressure while maintaining other physiologic pressures in
safe ranges were identified. Hemodynamic improvement was defined as at least 3mmHg
decrease in the IVC pressure while maintaining a pulmonary pressure <25mmHg [54] (to
avoid pulmonary arterial hypertension and lung perfusion damage), an atrial pressure of
<16mmHg, [55] SVC pressure <20mmHg (to avoid precipitous increase in the SVC pressure
and potential cerebral damage), and mean IVC pressure >4mmHg (to avoid potential IVC
collapse). Finally, the data points corresponding to the head pressures and pump flows
that resulted in hemodynamic improvement in each physiologic case were clustered to form
the desired operating regions. The flow diagram (Fig. 3.2) summarizes the process for
identifying the desired operating regions.
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Figure 3.2: Flow Diagram illustrating the procedure for obtaining a desired operating region.
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IVC pressure (mmHg)

Group II

Arterial pressure (mmHg)

Cardiac Index (L.min-1.m-2)

Catheterization data (Mean±2SD)
Simulation

Group I

Group I
Group II

Group I

Group II

Figure 3.3: Hemodynamics of failing Fontan patients from simulation vs. clinical
data. Range of the selected hemodynamic parameters (pre-support) from simulations and
reported catheterization data [6, 7] of the group I and II failing Fontan physiologic cases.
CI: cardiac index, IVC pressure: inferior vena caval pressure, SD: Standard deviation.

3.3
3.3.1

Results
Patients with hemodynamic failure

Comparing the simulation results against the catheterization information reported
in Cavalcanti et al. [6] for group I and Ohuchi et al. [7] for group II of Fontan failures, the
range of selected physiologic parameters for the simulated cases encompasses approximately
a 2SD range of the values of those parameters measured clinically in Fontan failures in group
I and II (Fig. 3.3).
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Flow rate (L.min-1)
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Figure 3.4: Target flow-pressure regions for designing cavopulmonary supports.
Desired operating regions of (A) IVC and (B) full assist cavopulmonary devices suitable
for serving a wide range of failing Fontan patients in group I and II phenotype classes.

3.3.2

Desired operating regions for cavopulmonary assist device

We obtained the desired head pressure–flow operating regions of the IVC and full
cavopulmonary assist supports that properly serve a wide range of failing Fontan patients
in each phenotype class (Fig. 3.4). Depending on the patient’s class (group I or group II)
and surgical configuration for installation of the cavopulmonary assist, a device should be
designed such that its characteristic curves at different pump speeds can encompass the
entire desired operating region. Our results show that during full support for group I and II
populations, the head pressure generated by the cavopulmonary device should not exceed
16mmHg and 14mmHg, respectively. During IVC support, the head pressures required are
smaller than 11mmHg and 12.50mmHg for group I and II, respectively.
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Group I (n=32 simulated patient scenarios)

Group I (n=10 simulated patient scenarios)

Group II (n=106 simulated patient scenarios)

Group II (n=3 simulated patient scenarios)

IVC pressure (mmHg)

CI (L.min-1.m-2)

Atrial pressure (mmHg)

Hemodynamics of cases that favorably
responded to the IVC support

IVC pressure (mmHg)

Atrial pressure (mmHg)

CI (L.min-1.m-2)

Hemodynamics of cases that favorably
responded to the full support

Figure 3.5: Pre-support hemodynamics of simulated patient cases that favorably
responded to cavopulmonary supports. Range of selected hemodynamic parameters
(pre-support) of physiologic cases characterized as group I (Solid lines) and group II (Dashed
lines) that favorably responded to the IVC and full cavopulmonary support.
We identified the simulated physiologic cases in each phenotype group that the
presence of the cavopulmonary pump can lead to hemodynamic improvement (Fig. 3.5).
Full support did not benefit either group if the patient’s pre-support IVC pressure 19mmHg.
Also, IVC support did not benefit group I and group II patients if the pre-support IVC
pressure was >17mmHg and >18.5mmHg, respectively. Additionally, IVC support did
not benefit group II patients if the pre-support cardiac index were >3.50L.min−1 .m−2 or
<3.20L.min−1 .m−2 .
IVC support benefited significantly less physiologic cases comparing to the full support resulting in a smaller operating region (e.g. IVC support had beneficial hemodynamic
outcome in only 6 simulated group I physiologic cases).
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Psvc
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Figure 3.6: Cavopulmonary support hemodynamic impact. Response range (%) of
the selected hemodynamic parameters of simulated physiologic cases to the IVC and full
cavopulmonary support. CI: Cardiac index; Pivc : IVC pressure; Ppul : Pulmonary pressure;
Psa : Atrial pressure; Psvc : Superior vena cava pressure .

3.3.3

Hemodynamic response to cavopulmonary support.

Based on simulation results for the physiologic cases that favorably responded to
the cavopulmonary support, the presence of the cavopulmonary assist promoted the cardiac
index, pulmonary pressure and decreased the IVC pressure (Fig. 3.6). Furthermore, the
cardiac index increase was 15-35% (9-16%) for group I and 10-28% (7-18%) for group II
via full support (IVC support). The IVC pressure as a crucial parameter, also favorably
decreased across both groups by the presence of the cavopulmonary assist. Overall, the
maximum favorable reduction of the IVC pressure was ≈45% and ≈46% via full support
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and IVC support, respectively. The IVC pump increased the SVC pressure, whereas the
SVC pressure decreased via full support.

3.4

Discussion
The present study aimed to identify the desired operating regions for a cavopul-

monary blood pump that can support the failing Fontan circulation. These results can
assist manufacturers in designing a right side assist device suitable for IVC or full support surgical configurations and for different classes of Fontan failures. To obtain these
operating regions, a numerical analysis was performed investigating the interaction of a
cavopulmonary assist device with a broad range of the possible failing Fontan physiologic
cases.
In this study, cavopulmonary support in two groups of failing Fontan patients was
investigated. These patients’ hemodynamic conditions depend on several factors, including systemic and pulmonary vascular resistances, and the cardiac performance which vary
widely between these patients. Both groups of the patients have high caval pressure and
previous studies have shown that many of the Fontan related complications are linked to
chronically high caval pressure [18]. However, the patients with a combination of normal
cardiac index and high caval pressure have worse long-term survival in comparison with the
traditional group based on clinical experience [47]. Liver injury is significantly correlated
with high caval pressure and the abnormally low systemic vascular resistance in these patients is hypothesized to be because of liver complications. The reduced afterload in this
group of patients significantly contributes to the cardiac index level. Even though these
patients have normal cardiac output and do not need cardiac output augmentation, the
presence of a cavopulmonary device can reduce the caval pressure and may alleviate liver
dysfunction [24].The hypothesis that reversing the liver damage can potentially stabilize
the systemic vascular resistance and cardiac output requires further investigation.
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Several studies have shown that a suitable cavopulmonary assist device could benefit the hemodynamics by decreasing the IVC pressure and promoting the cardiac output [16, 27, 29, 56–64]. In another computational study, Shimizu et al. [23] also confirmed a
reduction of the IVC pressure and increase of cardiac output by the presence of a cavopulmonary assist device in the IVC. Molfetta et al. [26] simulated the physiology of 10 failing
Fontan cases (group I) and quantified an average of 34% increase in the cardiac output
with an IVC support device. However, our results show a narrower range of cardiac output
increase in group I population with a maximum increase of 16% when comparing with previous studies; this is likely due to the flow-related surgical junction dynamic resistance that
was not accounted for in previous studies. In the IVC assist configuration, the dynamic
resistance of the TCPC junction resulted in significant pressure drop across the cavopulmonary connection and increase of the SVC pressure which limited the beneficial effects
of the pump. Our results also show that both failing phenotype groups better responded
to full assist device (Fig. 3.6). On the other hand, IVC assist better performed in the
simulated group II patients and benefited only a limited number of group I cases (Fig. 3.5
and 3.6). Previous pioneering studies on short term Fontan animal models have highlighted
the importance of designing a proper mechanical assist device for right side support by recognizing the problems such as IVC collapse associated with off-label use of a left VAD for
cavopulmonary application [21, 30, 65]. For example, Riemer et al. [21] investigated the impact of the right support using a left VAD (Thoratec HeartMate II, Thoratec Corporation,
Calif) in 8 sheep and they observed decrease of the IVC flow as a result of IVC collapse and
low IVC pressure (-0.25±0.48mmHg) in all animals. In an earlier study [2], it was shown
that there are risks associated with using a commercially available left ventricular assist
device (VAD) for cavopulmonary support in single ventricle patients. The pressure level in
the cavopulmonary pathway is approximately 90% lower compared to the left side arterial
environment; a left VAD typically generates a head pressure of ≈37 to 80mmHg for flow
rates ranging approximately from 0.5 to 6L.min−1 . The high head pressure produced by a
left VAD implanted on the right circulation may result in pulmonary arterial tree perfusion
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damage, central venous collapse [16], cerebral edema or venous thrombosis.
We studied the two most clinically envisioned surgical configurations for the installation of the cavopulmonary assist device (IVC and full support) [23] and identified a range
where hemodynamic improvement is possible for each patient case via full or IVC support.
The optimal operating point for each patient lies in this range; therefore a full or IVC
cavopulmonary device should be capable of covering the corresponding range to provide
maximal adjustment flexibility to clinicians for obtaining the optimal operating point for
any patient. Simulations show that a proper cavopulmonary device for the traditional group
of failing Fontan patients (group I) only needs to cover a small operating region. However,
for the newly recognized phenotype group, the desired operating region covers a larger area
that may complicate the design of a cavopulmonary device.
There are other possible configurations for installation of the cavopulmonary assist.
For instance, Jagani et al. [66] proposed a dual-headed intravascular cavopulmonary pump
for installation in the SVC and IVC. In this case, the entire venous return is pumped to
the lungs and it is conceptually identical to the extracorporeal full support case. Cavopulmonary assistance in the SVC is not a suitable option for three reasons: 1) most late Fontan
pathophysiology emerges from the the IVC distribution (liver diseases, protein losing enteropathy,etc) [16]; 2) a SVC pump would further increase the pressure in the opposing
venous territory (IVC); and 3) the majority of the systemic venous return is carried by the
IVC.
Trusty et al. [50, 67] studied installation of VentrioFlo Tru Pulse Pump, PediMag
and CentriMag in parallel with the Fontan baffle and observed significant recirculation of
the blood flow through the Fontan pathway. The majority of the flow recirculated from
the outflow cannula, down through the Fontan baffle and back into the inflow cannula of
the pump. Trusty et al. [50] argued that the hemodynamic influence of the recirculation
phenomenon depends on the amount of the device’s flow output. They showed that to
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achieve hemodynamic improvement using the PediMag device, it is essential to constrict the
Fontan baffle to limit the blood flow recirculation through the pump; however, this resulted
in a detrimental increase in the SVC pressure. Whereas, while using the CentriMag pump (a
stronger device with greater output) the recirculation was beneficial for 3 reasons: 1) there
was no need for banding the Fontan baffle 2) there was no increase in the SVC pressure,
and 3) the recirculation actually entrained both the IVC and SVC flow which allowed both
vena cavae pressures to decrease while increasing pulmonary arterial pressure.
Nevertheless, banding of the Fontan baffle or recirculation caused by the capvopulmonary pump could significantly increase thrombosis risks [68], therefore not a desirable
option.
The results of our current study can also be used to evaluate the performance of the
available cavopulmonary prototype devices as well as off-label use of commercially available
left VADs for cavopulmonary applications. Researchers in recent years have investigated
several cavopulmonary devices for supporting the failing Fontan circulation. Throckmorton
et al. [22] proposed an intravascular blood pump for the IVC support configuration. As
the intravascular blood pump (at 4000rpm) generates a pressure increase of 2.5-9.5mmHg
for the flows rates of 2-6L.min−1 , its performance curve covers parts of the IVC support
desired operating regions (Fig. 3.7) which suggests that this intravascular cavopulmonary
blood pump at 4000rpm can serve some of the failing patients. The characteristic curve of
the Jarvik 2000 at 5500rpm [3] lies entirely outside of the full support’s desired operating
region (Fig. 3.7). Therefore, the Jarvik 2000 at this speed is not a suitable candidate for full
cavopulmonary support. However, at higher speeds ir can serve some of the failing patients.
Limitations
Factors such as the TCPC configuration and geometry have influence on the target
device operating. We fully recognize that differences in the surgical junction geometry can
affect the dynamic resistance and the obtained cavopulmonary support operating regions.
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Jarvik 2000 at:
5500 rpm
7000 rpm
8500 rpm
9500 rpm

Intravascular blood pump at 4000 rpm
HeartWare HVAD at 1800 rpm
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Figure 3.7: Evaluating off-label use of available VADs (or proposed cavopulmonary device prototypes) for right-side support application. Desired operating
regions of (A) IVC and (B) full assist cavopulmonary devices overlaid with characteristics
curves of a left VAD and a cavopulmonary intravascular blood pump.
There exist currently no information in the literature about the dynamic change in the
resistance of full support’s surgical junction geometry as a result of the pump-induced flow
augmentation; therefore, we assumed the same dynamic resistance for both IVC and full
support surgical junctions (Supplementary Material). Further studies are needed to predict
the flow resistance in the full support’s surgical junction geometry; The difference can be
compensated with increasing to decreasing the required head pressure. Furthermore, the
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geometry of the TCPC junction can affect the hepatic flow distribution [66,69] which is not
captured by the LPN model. Computational fluid dynamic simulations can be performed
to carefully investigate the change in the hepatic flow distribution as the result of different
Fontan geometries in the presence of a cavopulmonary assist.
We believe that cavopulmonary support will result in positive remodeling of the
vasculature leading to a reduction in pulmonary vascular resistance. However, the goal of
our current models is to focus on acute physiologic outcomes rather than long-term adaptation of the pulmonary and systemic vascular resistances as a result of the cavopulmonary
support. Our models also do not include fenestration that is present in some of the patients. However, the fenestration most likely would be surgically removed if cavopulmonary
support is to be implemented.

3.5

Conclusion
This study presents the hydraulic operating regions for manufacturing a cavopul-

monary blood pump specifically designed for helping failing Fontan patients. We simulated
and investigated the interaction of a cavopulmonary assist device (generating head pressure from 0 to 35mmHg) with a full range of failing stage Fontan physiologies reflecting
pathological conditions with various severity levels of systolic and diastolic dysfunction and
abnormal pulmonary and systemic vascular resistances, representing approximately 95% of
the adult failing Fontan population. The results show that a cavopulmonary assist device
could increase cardiac index by 7-35% and decrease the IVC pressure up to 46% depending
on the patient’s pre-support hemodynamic state and surgical configuration of the cavopulmonary assist device (IVC or full support). For the newly recognized failing class of Fontan
patients with normal cardiac output and high IVC pressure (group II) both IVC and full
assist support can be beneficial. For this group, an IVC assist device should be able to create head pressures of 5-12mmHg for flows of ≈3.50-8L.min−1 . However, the cavopulmonary
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device should cover a wider range for both groups when providing full support( 3.7B). The
full support desired operating region shows the full assist pump should be able to produce
a head pressure of 6.5-16mmHg for flows of 3.50-8L.min−1 and ≈5.50-14mmHg for flows of
4.50-10.00L.min−1 for group I and II, respectively.
Additionally, we identified physiologic cases where cavopulmonary support cannot
benefit hemodynamic conditions, but rather predisposes these physiologic cases to perfusion
lung damage or venous collapse as a result of the pressure generated by the cavopulmonary
device. These phys- iologic cases were excluded and were not used for obtaining the desired operating regions. These results may help serve as guidelines for identifying patient
characteristics unsuitable for cavopulmonary support.
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Chapter 4

A Hybrid ExperimentalComputational Modeling
Framework for Cardiovascular
Device Testing [3]
Significant advances in biomedical science often leverage powerful computational and
experimental modeling platforms. We present a framework named physiology simulation
coupled experiment (“PSCOPE”) that can capitalize on the strengths of both types of platforms in a single hybrid model. PSCOPE uses an iterative method to couple an in vitro mock
circuit to a lumped-parameter numerical simulation of physiology, obtaining closed-loop feedback between the two. We first compared the results of Fontan graft obstruction scenarios
modeled using both PSCOPE and an established multiscale computational fluid dynamics
method; the normalized root-mean-square error values of important physiologic parameters
were between 0.1% and 2.1%, confirming the fidelity of the PSCOPE framework. Next,
we demonstrate an example application of PSCOPE to model a scenario beyond the cur44

rent capabilities of multiscale computational methods—the implantation of a Jarvik 2000
blood pump for cavopulmonary support in the single-ventricle circulation; we found that
the commercial Jarvik 2000 controller can be modified to produce a suitable rotor speed for
augmenting cardiac output by approximately 20% while maintaining blood pressures within
safe ranges. The unified modeling framework enables a testing environment which simultaneously operates a medical device and performs computational simulations of the resulting
physiology, providing a tool for physically testing medical devices with simulated physiologic
feedback.

4.1
4.1.1

Literature Review
Current state of cardiovascular computational and in-vitro methods

The lumped parameter models have been used to simulate cardiovascular systems
since 1960s [70–73]. These computational models along with in-vitro models are less expensive and non-invasive methods in comparison with human and animal trials for development
of medical devices and products. The lumped parameter models depending on the accuracy
can provide the opportunity for thorough analysis of the hemodynamic and physiologic
parameters in the cardiovascular systems.
Multiscale models have integrated the lumped parameter physiology models with
finite element models (Figure 4.1a) to simulate three-dimensional and complex dynamics of
the structures with moving components or static geometries [74–77].
On the other hand, in-vitro mock models offer the advantage to directly test medical
devices and capture complex phenomena that cannot be captured by computational models.
But, these in-vitro models have limitations in capturing changes in the preload and afterload
as a result of closed-loop response of the heart. Additionally, in-vitro models have difficulties
in achieving realistic end diastolic and end systolic pressure-volume features of the ventricles
45

Figure 4.1: Overall structure of a (a) numerical multiscale simulation and (b) hardware-inthe-loop hybrid model. The PSCOPE framework is a high-fidelity implementation of the
hardware-in-the- loop hybrid modeling approach.

[78–82].
Despite significant progress in experimental and numerical techniques for investigating the cardiovascular systems, there is currently no technique that capitalizes on the
advantages of both computational and experimental techniques in a unified and hybrid
framework.

4.1.2

The Hardware-in-the-Loop Technique

The Hardware-in-the-Loop (HIL) technique provides the opportunity to combine
a computational model of physiology with an in-vitro experiment. This method has the
potential to capitalize on the advantages of both computational and in-vitro experimental
models in a hybrid framework (Figure 4.1b).
The HIL was applied in 1992 [83] for the first time for cardiovascular modeling
and later other researchers [84, 85] built HIL models containing an actuator to mimic the
ventricular function. This actuator was controlled based on the the desired ventricular
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pressure that was calculated in real time using a lumped parameter physiology model. This
HIL method is also used to test ventricular circulatory devices under steady-flow conditions.
Moreover, other researchers [86–90] have used the HIL approach for modeling the
scenarios containing experimental sections in the proximity of aortic arch. For instance,
previously, an HIL model containing an experimental model of aortic valve was presented.
In this HIL model, the actuator was designed to be controlled based on the pressure across
the aortic valve. The pressure across the aortic valve was considered as the interface between
the experimental section and computational physiology domain of the HIL model.
Using HIL technique is possible to achieve the dependence of the mocked ventricular
pressures on ventricular contractility, preload or other factors. However, there are limitations associated with the HIL approach. As a result of physical and mechanical limitations
of real time control of actuators and sensor measurements such as signal qualities, the HIL
is not a practical approach for investigating cardiovascular systems.
Previous researcher as mentioned above, have used the HIL for scenarios with interfaces near the ventricle. In these scenarios the high amplitudes of the input and output
signals such as pressure, flow and actuator signals allow for tolerating the signal errors.
However, in low pressure environments these errors are significant, rendering the hybrid
model unusable.

4.1.3

The Physiology Simulation Coupled Experiment

In this chapter, we introduce the ”Physiology Simulation Coupled Experiment”
(PSCOPE) framework. The PSCOPE framework is capable of addressing the limitations
of the previous cardiovascular HIL models. By capitalizing on the periodic nature of the
physiologic pressure and flow, this framework uses an iterative approach to reduce the
physical and mechanical limitations in an HIL model such as signal delays and noises.
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In this chapter, we demonstrate the implementation of the PSCOPE framework.
Furthermore, we will apply the PSCOPE framework to model a scenario that its computational modeling is very complex. The PSCOPE provides the opportunity to experimentally
investigate a scenario that is complex for computational modeling (i.e., scenarios involving
fluid–solid interactions).

4.2

Physiology Simulation Coupled Experiment Coupling Principle
The dynamic data exchange between the numerical domain and the experimental

section in an hybrid model has to be compatible with the operation of each domain. In an
HIL model, the real time exchange of the data occurs at each time step of the computational
simulation. This time step is very small (≤0.001s) and therefore the response time of the
experimental section’s components such as flow sensors, pressure sensors, and hydraulic
equipment need to be stringent. Additionally, The numerical model with a very small time
step requires that input and output data from the experimental domain to the numerical
simulation must be noise free and precise to avoid errors in the gradient and numerical
calculations.
The iterative PSCOPE framework allows signal conditioning in the experimental
section. We demonstrate the concept of the PSCOPE coupling framework using a scenario
containing a rigid experimental section with one inlet and one outlet and a simple numerical
domain (LPN model). The LPN model is represented by two ordinary differential equations
(4.1) and (4.2).

1
dP1
=
dt
C1




Pi − P1
−Q
R1
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(4.1)



dP2
1
P2
=
Q−
dt
C2
R2

(4.2)

Psub , Q, Csub , and Rsub are the pressures, flow rate into the element, capacitance
and resistance values and are shown on Figure 4.2a. For any different combination of the
capacitance and resistance values, and a given initial pressure values (P1 and P2 ), and a
periodic pressure source (Pi ) there exists a periodic solution for P1 and P2 . Also, there
exists a unique flow (Q) that satisfies both the governing equations in the numerical model
(Equations (4.1) and ( 4.2 )) and the actual measurements across the physical experiment.
To implement the information exchange between the domains on a cycle-to-cycle
basis, we iteratively improve the entire Q waveform until the correct solution is identified.
Based on equations (4.1) and (4.2) in the numerical model, a specific Q waveform returns
a specific ∆P waveform where ∆P=P1 -P2 , which we refer to as ∆Pnum . Applying the
same Q waveform in the physical experiment and measuring the pressure drop across the
region of interest, we obtain another ∆P waveform, referred to as ∆Pexp . The Q waveform
corresponding to the correct solution of this coupled hybrid model is expected to produce
∆Pnum =∆Pexp .
By identifying this correct Q waveform, we achieve a direct coupling between the
experimental and numerical domains, forming a closed-loop PSCOPE model. In other
words, this method matches the boundary conditions between the numerical model and
the experiment by ensuring that, at the boundary interface, the flow and pressure drop
in the experiment match those in the numerical model. This general coupling approach is
applicable to PSCOPE models consisting of any complex lumped parameter circuits.
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Figure 4.2: (a) Schematic of an example PSCOPE model. Rsubscript and Csubscript
are resistance and capacitance values, respectively. Psubscript represent pressures at the
corresponding locations and Q is the volumetric flow rate through the physical experiment.
(b) Overall structure of the protocol for identifying the solution Q waveform coupling the
experimental and numerical domains. ((c)–(e)) Convergence of the PSCOPE model solution
in a scenario containing a realistic numerical physiology model and a physical Jarvik 2000
blood pump operating at 5000 rpm. (c) The Q waveform initial estimate is updated and
improved across iterations. (d) The difference between the ∆Pnum and ∆Pexp waveforms
decreases with iterations. (e) The decreasing residual errors between ∆Pnum and ∆Pexp
show the convergence of the PSCOPE model over iterations.
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Figure 4.3: Mathematical surrogate of the physical experiment. An example of the mathematical surrogate representing the behavior of the Jarvik 2000 pump operating at 8500
RPM. A series of steady flow measurements of flow rate through the pump (Q) versus
pressure rise across the pump (∆Pexp ) provide the data for creating the best-fit regression curve. This mathematical surrogate enables the temporary conversion of the hybrid
PSCOPE model to a purely numerical model for deriving the initial estimate of the solution
flow waveform. Note that the surrogate model is specific to a particular rotational speed of
pump operation.

4.3

Iterative Solution Identification
We designed a protocol (Figure 4.2b) to identify the correct Q waveform solution

while minimizing the number of iterations required. To obtain a good initial guess for
Q, we first utilize a mathematical surrogate to approximate the behavior of the physical
experiment (see Figure 4.3).
A series of steady flow tests are conducted in the physical experiment to relate the
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flow through the experiment and ∆Pexp ; for a physical experiment with multiple outlets,
this is repeated to relate the flow and ∆Pexp between the inlet and each outlet. An appropriate mathematical equation is chosen and fitted to each set of measured flow and ∆Pexp
data. Temporarily replacing the physical experiment with the mathematical surrogate, the
hybrid model converts to a purely numerical model, allowing a computational simulation
to be performed to obtain an initial estimate for the Q waveform (Figure 4.2c “Initial”).
Next, an iterative algorithm adjusts the Q waveform repeatedly (Figure 4.2c) based on
the differences between the resulting ∆Pnum and ∆Pexp waveforms (Figure 4.2d), continually decreasing the residual which is quantified by the normalized root-mean-square error
(NRMSE) between ∆Pexp and ∆Pnum (Figure 4.2e).
This iterative method is analogous to the nonlinear iterations in a numerical finite
element simulation for the continual improvement of the solution until an acceptable residual
is obtained. Specifically, the Q waveform is iteratively adjusted according to the following
equation:

Qn+1 = Qn + KP (∆Pexp − ∆Pnum )

(4.3)

Qn , Qn+1 , and Kp represent the Q waveform of the current iteration, the adjusted
Q waveform for the next iteration, and the controller gain, respectively. The value of Kp
is optimized to avoid oscillations in the Q waveform (Kp value too high) or a very slow
progression of waveform adjustments between iterations (Kp value too low). To identify the
threshold for the optimal Kp value for a specific PSCOPE, we gradually increase Kp until
oscillation in the Q waveform occurs. This process does not require significant time as the
system’s response to each Kp value can be observed within just a few iterations. Once a
suitable Kp is identified, we iteratively update the Q waveform according to equation ( 4.3
) until the residual plateaus or falls below a user-specified tolerance.
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Figure 4.4: Setup of the physical hydraulic experiment Schematic and photographs of the
physical experiment setup.

4.4

Experimental setup
The working fluid in the flow experiments is a 40% glycerol solution with measured

density (1092.4 kg/m3 ) and dynamic viscosity (0.0041 Pa·s) similar to those of blood. A
custom computer programmable gear pump[1] capable of generating precise pulsatile flow
waveforms drives flow through the experimental section via rigid tubing. Volumetric flow
rate is monitored by an external clamp-on ultrasonic flow sensor (9PXL, Transonic Systems,
NY) positioned immediately upstream of the experimental section and connected to a flow
meter (TS410, Transonic Systems, NY). For pressure waveform measurements, we inserted
catheter pressure transducers (MPR-500 Mikro-Tip, Millar Instruments, TX) through small
ports at the inlet and outlet of the experimental section. The catheter pressure transducers
connect to a pressure control conditioner (PCU 2000, Millar Instruments, TX) by catheter
interface cables (PEC-10C/D, Millar Instruments, TX). Separate modules (NI 9205 and
NI 9263, National Instruments, TX) mounted on a compact DAQ chassis (NI cDAQ 9174,
National Instruments, TX) and interfaced via a custom Matlab program communicate the
signals of the experiment with a desktop computer at a sampling rate of 1kHz (Figure 4.4).
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For the purpose of measuring the real-time power usage of the Jarvik 2000 blood
pump, we placed a 1 Ohm resistor (1% tolerance) in series with the power supply cable of
the pump controller, and measure the voltage drop across the resistor to calculate current
draw. We then measure the voltage across the positive and negative terminals of the
pump controller power supply in order to calculate power consumption by the equation
Power=Voltage×Current.

4.5

Data analysis
To improve the signal-to-noise ratio in the pressure and flow measurements, we

average 23 cycles of each data acquisition and pass the resulting signal through a 40Hz
low pass filter (Figure 4.5). All experimental waveforms shown in the main body of the
paper are this 23-cycle averaged and filtered waveforms. Since the physiology simulation
uses a zero-dimensional model that does not consider wave propagation, we perform signal
alignment to remove the wave propagation delay between the inlet and outlet pressures
before coupling the data to the physiology simulation (Figure 4.5C). The sampling rate of
1kHz in the experiment is sufficient for capturing the delay time ”τ ” which is typically in
the range of ≈5 ms. The definition we employ for the NRMSE between two waveforms “x1 ”
and “x2 ” is.

N RM SE(x1 , x2 ) =

RM SE(x1 , x2 )
max(x2 ) − min(x2 )
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(4.4)

Figure 4.5: Experiment signal processing (A) An example of 25 cycles of raw data acquired
from the flow meter; the blown up portion shows 1 cycle of the raw data. Two initial
cycles from each acquisition are discarded and the rest 23 cycles are averaged. (B) The
resulting flow waveform after averaging and passing through a low-pass filter with a cutoff
frequency of 40Hz. (C) Synchronization of the inlet and outlet pressure signals by removing
wave propagation delay. This is essential for achieving proper coupling with the physiology
simulation which uses a zero-dimensional model that does not consider wave propagation.
The delay time ”τ ” is typically in the range of ≈5 ms.
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4.6

Physiology Simulation
The physiology simulations in this study utilize a previously published lumped pa-

rameter network (LPN) of the single-ventricle circulation [23]. The specific parameter values
are detailed in Table 4.1 and 4.2.
The changes in intra-thoracic pressure due to respiration directly affect central venous blood flow, therefore, the respiratory cycle in the physiology simulation defines the
periodicity of the PSCOPE. Each respiratory cycle contains four cardiac cycles; the word
“cycle” in this paper refers to the respiratory cycle unless otherwise specified. On the contrary, the word “iteration” in this paper refers to each time the Q waveform is updated to
improve the solution.

4.6.1

Implementation of the Physiology Model

The LPN contains blocks that represent the heart, pulmonary circulation, several
internal organs, legs, and major blood vessels such as the abdominal aorta and IVC. Vascular
resistance, compliance and momentum of blood are modeled using resistance, capacitance
and inductance elements, respectively.
The transmyocardial pressure generated by the ventricle is described as , where and
represent ventricular reference volume and ventricular volume, respectively. E(t) is the
de-normalized time-varying elastance function given by:

E(t) =




t) + Eof f set :
Emax En( t0.3


svs





 Eof f set

t
tsvs

≤ 3.33
(4.5)

: elsewhere

t is the time point in the cardiac cycle; tsvs is the systole time period; and En is
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Table 4.1: Parameter values for physiology simulations Complete list of parameter values
for the LPN model describing 1 and 5 MET conditions in a Fontan patient with height of
150 cm and weight of 50 kg[3]. Resistance and inductance component values correspond
to those labeled in the closed-loop LPN figure in chapter 1. Capacitor component values
correspond to the capacitors adjacent to the labeled pressures in the closed-loop LPN figure
in chapter 1.
Resistance
(mmHg.s.ml−1 )
MET Level
Ruba
Rubv
Rtha
Raba
Rlega
Rlegc
Rlegv
Rabv
Rthv
Rla
Rlv
Rka
Rkv
Ria
Riv
Rpa
Rpv
Rsvc
Capacitance
(ml.mmHg−1 )
Ck
Cp
Csvc

Constants
(All MET Levels)
Kao
1 MET 5 MET
(mmHg.s2 .ml−2 )
Kav
0.686
0.686
(mmHg.s2 .ml−2 )
2.398
2.398
Vsao(ml)
0.081
0.045
Dsa (ml−1 )
0.62
0.345
Psar (mmHg)
1.52
0.194
MET Level
3.596
0.461
HR (bpm)
0.838
0.107
Emax
0.059
0.059
Eoffset
0.029
0.029
Vsvo
8.578
8.578
APith
0.053
0.053
Pithoffset
6.042
6.042
Time Period (s)
0.566
0.566
tsvs
13.247 13.247 tsas
0.24
0.24
t1
Inductance
0.023
0.018
(mmHg.s2 .ml−1 )
0.119
1.94
All MET Levels
0.059
0.059
Lav

1.978
1.57
1.57

1.978
1.94
1.57

Cub

3.375

3.375

Cao
Ctha
Caba
Clega
Ci

0.549
0.164
0.348
1.541
1.182

0.549
0.255
0.541
1.541
1.182

0.35
0.225
15
2.3×10−5
1.15×10−5
1 MET
80
2.375
0.199
-3.29
-3.9
-3.7

5 MET
129
4.255
0.135
-3.292
-19.5
3.98

0.275
0.247
0.15

0.231
0.208
0.092

11×10−6

Llega

13.32×10−4

Ltha
Laba
Luba
Capacitance
(ml.mmHg−1 )
MET Level
Clegv
Cabv
Cthv
Cl

13.32×10−4
13.32×10−4
5.48×10−4
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1 MET
7.85
7.85
0.785
4.751

5 MET
7.85
7.85
0.785
4.751

Table 4.2: Initial values for physiology simulations.List of initial pressure values (mmHg) for
the LPN model describing 1 and 5 MET conditions in a Fontan patient with height of 150
cm and weight of 50 kg. The pressure nodes correspond to those shown in the closed-loop
LPN figure. Values for the initial flow through inductors do not affect the final simulation
results and thus are not included in the table.

Psvc
Pub
Pao
Ptha
Paba
Plega
Plegv
Pabv
Pthv
Pl
Pk
Pi
Pp

1 MET
13.2
79.4
94.4
92.6
92.6
66.2
22.1
13.2
13.2
9.7
17.6
9.7
7.9

5 MET
20.4
68.7
76.5
75.3
64.6
56.2
32.5
27.9
25.7
25.9
29.7
26.1
16.6

the normalized elastance function[2,3]; Emax and Eof f set are constant parameters to be set
for each simulation, and represent measures of ventricular contractility and compliance,
respectively. The transmyocardial atrial pressure, “Psa ”, is modeled as

AA(t) =








1
2 [1

+tsas
− cos (2π t−tt1sas
)]

: t ≤ t1

t−t1 −tsad
)]
tsas

: t1 + tsad ≤ t < tc

1

2 [1 − cos (2π




 0

(4.6)

: elsewhere

In this equation t1 = 0.2tc and tsas = 0.9tsvs . The active and passive pressure are
simulated using following equations:

Vsa − Vsa0
Csa

(4.7)

Psa,active = Psar (eDsa (Vsa −Vsa0 ) − 1)

(4.8)

Psa,passive =
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Where Vsa is the atrial volume and Vsa0 is the atrial volume at zero pressure. Csa ,
Dsa , and Psar are constants. and The overall pressure generated by the atrium is given by:

Ptsa (Vsa , t) = Psa,passive + Psa,active AA(t)

(4.9)

The blood flow rates through the atrial-ventricular valve (Qav ) and through the
aortic valve (Qao ) are described as

Q̇av =



 0



Qao =

: Psa < Psv

Psa −Psv kav Q2av
Lav

1
2Kao

(4.10)

: elsewhere



 0



and Qav ≤ 0

: Psv < Pao

(4.11)

p
4kao (Psv − Pao ) : Pao ≤ Psv

Pao is the aortic pressure and Kao , Lav , and Kav are constants characterizing the
aortic and atrial-ventricular valve characteristics.
Intrathoracic pressure (Pith ) variation due to respiration affects blood pressure in
the heart and in large blood vessels of the thorax, therefore, Pith is connected to the relevant
elements in the LPN. We approximate Pith using a cosine waveform as
where APith and Pithof f set are constants describing the amplitude and offset of the
thoracic pressure waveform. t is the time point in the respiration cycle; tr is the length of
the respiration time period and is given by tr = 4tc . Tables 4.1 and 4.2 list the complete LPN
parameter and initial values for simulating an adult Fontan patient with height=150cm and
weight=50Kg under resting (1 MET) and moderate exercise (5 MET) conditions[3].
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Figure 4.6: Effect of different initial guesses on the final solution Three different initial
guesses of the flow waveform (A) converge to the same final solution (B) after 3, 15, and 12
iterations for case 1, 2, and 3, respectively. The maximum RMSE between the final solutions
derived from each of the initial guesses is 0.66 mL/s. The PSCOPE scenario modeled here
is the 85% stenosis geometry coupled to the 5 MET physiology.

4.7

Results
Various initial guesses for the solution Q waveform converge to the same final solu-

tion, although requiring different number of iterations (see Figure 4.6).The PSCOPE shows
the changes in selected physiologic parameters as motor speed of the Jarvik 2000 is manually adjusted in the experimental domain (Figure 4.7). As we increased the rotor speed, the
cardiac output and pulmonary pressure increased. However, the IVC pressure decreased as
the rotor speed increased.
A pulmonary pressure higher than 22mmHg is clinically considered unsafe. While
the Jarvik 2000 can favourably increase the cardiac output at normal operating rotor speeds,
the pulmonary arterial pressure and superior vena cava (SVC) pressure become too high.
Also at normal speeds, the IVC pressure decreases significantly and the Jarvik 2000 could
result in the venous collapse (negative IVC pressure). However, by hacking into the offthe-shelf pump controller, we achieved a pump speed suitable for Fontan right support at
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Figure 4.7: An example application of the PSCOPE for modeling a scenario beyond the
current capabilities of numerical simulations; the PSCOPE captures the closed-loop interactions between the physical experiment involving the Jarvik 2000 and the simulated
physiology. (a) Mean values of important physiologic parameters corresponding to different
pump rotor speed settings show favorable physiology at approximately 5000 rpm, below
the normal operating range of the commercial device. ((b) and (c)) Detailed results at
pump speed setting of 5000 rpm; data from one respiratory cycle (four cardiac cycles) are
shown. (b) Ventricular pressure–volume loops show increased preload, stroke volume, and
aortic pressure with cavopulmonary support compared to the reference case without pump
support. (c) The physical operation of the Jarvik 2000 is impacted by physiologic rhythms
as the device power consumption fluctuates with the changing IVC flow throughout the
cardiac and respiratory cycles.

around 5000 rpm. At this rotor speed, all physiologic pressures such as pulmonary, SVC
and IVC pressures remain within safe ranges. Also, cardiac output, stroke volume and
systolic pressure are augmented by 14%, 16%, and 13%, respectively in comparison with
pre-support scenario(Figure 4.7b). The measured power consumption of the Jarvik 2000
during the respiratory cycle indicates that operation of the pump is impacted by physiologic
rhythms.
The solution of the PSCOPE in this case converged to a residual of 1.9% within 17
iterations, requiring a total run time of 1.8 h. In general, each PSCOPE iteration requires
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5-10 min of run time; of this, the computation time is negligible and most of the run
time is spent on data acquisition and the fine-tuning of actuation control in the physical
experiment.

4.8

Discussion
In this study, we introduced the PSCOPE framework that combines and capitalizes

on the strengths of numerical and experimental modeling platforms. The main advantage of
the PSCOPE framework is that it can experimentally model scenarios that are challenging
for computational simulations(i.e., Scenarios with moving components and complex geometry, or fluid–structure interactions) and completely couples the experimental results with
a physiology simulation (which is challenging to produce experimentally) .
The design of the PSCOPE framework features a modular perspective toward the
physical experiment, where it is treated as a black box with inputs and outputs. Therefore,
the framework is valid for any physical experiment exhibiting a consistent behavior (i.e., a
specific combination of inputs produces a specific combination of outputs). The PSCOPE’s
modular nature also makes it immediately compatible with a range of physiology models
such as those incorporating auto regulation [91] or patient-specific tuning.
Moreover, Because of the lack of the real time requirement of the PSCOPE framework, the equipment bandwidth limitation has minimal restraint on systems that can be
modeled and that compatibility with complex numerical techniques ( such as 3-dimensional
simulations) is feasible.The PSCOPE is completely different from fixed-input in-vitro models.
In PSCOPE the flow condition in the hydraulic experiment dynamically interacts
with the numerical physiology simulation through closed-loop coupling. This is useful in
cases where it may be difficult to precisely identify device operating characteristic when
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it dynamically responds to physiology. For example, a ventricular assist device operating
in pulsatile mode or surgically located in places where blood flow is highly pulsatile may
possess hysteresis in its pump speed and pressure-flow characteristics. In such cases, closedloop coupling between the experimental section and physiology simulation is needed to
achieve the right flow condition for the blood pump under test.
Our method to coupling the experimental domain and numerical domain involves
an iterative technique that inherently requires the explicit evaluation of the solution quality
and the iterative improvement of the solution to satisfy a predetermined residual. This
characteristic of the PSCOPE framework addresses the technical shortcomings of previous
HIL models and successfully achieves a accurate hybrid model. Due to the iterative characteristic of the PSCOPE framework, the sensor measurements are processed to remove
the interfering signals and improve the signal to noise ratio. The PSCOPE also allows to
remove effects of delays due to the physical wave propagation, signal chain, , or actuator
bandwidth limitation as well as errors due to actuator non-linearity.

4.8.1

Limitations

The time needed for implementation of the PSCOPE for a scenario is the main
limitation of the PSCOPE framework. However, compared to the computational modeling
of the similar scenario, the PSCOPE run time is less. For experimental sections with more
inlet and outlets the number of iterations to find the flow solution will increase and accordingly the PSCOPE run time will increase as well. The factors that affect the PSCOPE
run time include the number of the signal averaging needed for increasing signal qualities
(sensor measurements and actuator response) of the hydraulic experiment. The predetermined residual and the nature of the experiment also affect the PSCOPE run time and the
number of iterations needed for identifying the flow solution.
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4.9

Conclusion
While this study shows the application of the PSCOPE framework on modeling a

system with periodic nature, the framework ican be used for modeling transient responses.
This would need repeating the same experiment with the same initial conditions several
times to decrease signal noise and improve the signal, then employing the iterative method
we introduced to couple the cleaned experimental results with the physiology simulation.
In such a scenario, the the model execution run time is significant because the solution
waveform is lengthy.
Current in vitro methods are capable of investigating a variety of medical devices
including pulsatile blood pumps, valves, stents, balloons, and occlusion devices, all of which
can be physically implemented as part of a PSCOPE model; albeit physical experiments
containing deformable sections or multiple outlets will require the development of a more
capable waveform identification algorithm.
As physiology simulations continue to advance, the PSCOPE can enable cardiovascular devices to be physically tested in vitro with physiologic feedback as if implanted in
a living patient. Since the bench top physical experiment is coupled directly in-the-loop
with a computational physiology simulation, it operates in a dynamically changing feedback
environment with the physiology simulation. This allows one to obtain the same relevant
information such as device operation and physiologic impacts as if performing an in vivo
human experiment.
Potential applications of the PSCOPE in interventional planning and clinical decision support may also help advance a variety of cardiovascular procedures. For example,
in addition to further investigations of blood pumps for Fontan cavopulmonary support,
we plan to extend the application of PSCOPE to study the efficacy and outcomes of transcatheter pulmonary valve replacement procedures. Continued advancements and validation
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of the available physiology models as well as clinical validation of the predictions made by
the PSCOPE are critical issues that need to be addressed before clinical translation of this
tool.
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Chapter 5

Summary of the Dissertation
This chapter presents the concluding remarks for this dissertation and recommendations for future research.

5.1

Summary of Contributions
The research in this dissertation is concentrated upon development of an ideal

cavopulmonary assist device for failing Fontan population. To achieve the dissertation
objective:
In chapter 2, we investigated hemodynamic implication of two different configurations for surgical installation of a right-side support. The contributions are:

1. IVC surgical configuration is not a suitable surgical option for the installation of a
right-side support for a big fraction of failing Fontan patients.
2. Over-filling and obstruction of the cavopulmonary pathway can occur during full support and when using a left ventricular assist device for the right-support assist.
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3. It is imperative to design a circulatory device that is compatible with low pressure
environment of the cavopulmonary pathway.

In chapter 3, the target operation criteria for the design of a Fontan cavopulmonary
mechanical support device is proposed. The contribution are:

1. This study presents the hydraulic operating regions for manufacturing a cavopulmonary blood pump specifically designed for helping failing Fontan patients.
2. The results show that such a cavopulmonary assist device could increase cardiac index
and decrease the IVC pressure.
3. The proposed operating regions can be used to evaluate the performance of the available cavopulmonary prototype devices as well as off-label use of commercially available
left ventricular assist devices for cavopulmonary applications.
4. The results may help serve as guidelines for identifying patient characteristics unsuitable for cavopulmonary support.

In chapter 4, a new approach for testing medical products is proposed. The contribution are:

1. We present a framework named physiology simulation coupled experiment (PSCOPE)
that can capitalize on the strengths of both types of platforms (computational and
experimental methods) in a single hybrid model.
2. This framework mitigates the physical limitations in the hydraulic experiment such
as signal noises and delays.
3. It allows for the direct evaluation of the solution quality, guaranteeing the convergence
of the solution below a known residual.
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4. It allows to experimentally investigate a scenario that is challenging for numerical
simulations (i.e., fluid-structure interactions) and fully couple the experimental results
with a physiology simulation (which is challenging to produce experimentally).

5.2

Recommendations for Further Research
Considering the direct correlation between the health of endothelial cells and pul-

satility of the physiologic flows and pressures, we propose implementing a pulsatile blood
pump in the cavopulmonary pathway to obtain a better hemodynamic outcome. Our simulations revealed that while the average magnitude of the pulmonary flow and pressure
improved by the presence of the cavopulmonary device, the pulsatility of the pulmonary
arterial pressure and flow significantly decreased.
The proposed hybrid framework in chapter 4 has a limitation and it is only suitable
for experimental sections with rigid boundaries. Further research is needed to address this
deficiency.
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Appendix A

Cavopulmonary Connection Dynamic Resistance
During IVC and Full Support

A.1

Introduction

Implementation of the cavopulmonary support in Fontan patients will result in increased blood flow through the cavopulmonary connection. Previous researches have shown
that the caval flow collision in a TCPC junction results in significant energy loss [1]. The
changes in this resistance as the result of augmented flow induced by cavopulmonary support may be significant and should be included in the simulations to obtain more realistic
physiologic trends. Therefore, we performed a series of steady flow tests and characterized
this resistance at different flow rates in the IVC support surgical junction geometry.

A.2

IVC support geometry

We assumed an idealized IVC geometry (Fig. A.1) and physically reproduced the
3D-geometry using a high resolution 3D printer (Connex 350 PolyJet, Stratasys, Inc., Eden
Prairie, MN). Phantoms were rapid prototyped using rigid material (VeroClear, Stratasys,
Inc., Eden Prairie, MN). We performed steady flow tests, data acquisition, and signal
processing as described below.

A.3

Experimental setup (Fig.A.2)

We used a glycerol solution (60% water and 40% glycerol) as the working fluid in the
setup. The density of the fluid and dynamic viscosity of the working fluid are 1092.4 kg.m−3
and 0.0041 Pa.s, respectively; similar to those of blood. A steady-flow pump was used to
drive the flow through the flow loop and the flow rate was controlled using a mechanical
valve. Volumetric flow rate was measured using a external clamp on ultra sound flow sensor
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(12PXL, Transonic systems, NY). The pressure at different locations were measured using
catheter pressure transducers attached to a pressure unit conditioner (PCU2000, Millar
Instruments, TX). We used separate NI modules for data acquisition (NI 9205, NI 9263,
National Instruments, TX). We collected the data at a sampling frequency of 1000 HZ. All
signal were passed though a 40 Hz low-pass filter for noise canceling. We measured the IVC
resistance at different cardiac outputs by comparing the flow rates through each geometry
with the corresponding pressure changes (∆P = R×Q, where R is resistance, P is pressure,
and Q is flow). Then, we fitted a linear line with adequate goodness-of-fit (r2 =0.99) between
the resistance values and corresponding cardiac outputs.

A.4

Results

we estimated the total resistances across the TCPC geometry against the cardiac
output (CO) as follows:

L
] = 0.1234 × (CO [ min
])+0.1101
R [ mmHg
L
min
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Figure A.1: Geometry of physical phantom. LPA is left pulmonary artery, RPA is right
pulmonary artery SVC is superior vena cava, IVC is inferior vena cava.
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Figure A.2: physical hydraulic experiment setup. Photograph of IVC support geometry
and schematic of the physical experiment setup.
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Appendix B

Verification of the Physiology Simulation Coupled Experiment Framework

The verification of previous hybrid models has primarily been by method of comparing results to physiologic data in the literature to identify agreement. These comparisons
have indicated the potentials of the HIL hybrid framework for creating physiologically realistic models. However, without a precise verification standard, the detriments of actuator
response time limitation, feedback signal delay, and measurement noise propagating in an
HIL setup are unknown and a rigorous verification of the model fidelity is lacking. Therefore, in this section we present a quantitative verification of PSCOPE model results compared
directly against established multiscale simulation results.

B.1

Physiology Simulation Coupled Experiment Verification Setup

To quantitatively verify the results from PSCOPE, we model a scenario involving
a static experimental section such that the existing, established computational multiscale
methods [24,25] are capable of simulating and providing the actual model solutions. We
examine the scenario involving an obstruction of the Fontan graft in the cavopulmonary
pathway, clinically occurring due to deposition of calcium in the conduit and/or somatic
growth and subsequent longitudinal torsion of the graft [26]. The Fontan graft obstruction
geometry coupled to the physiology simulation is modeled using both PSCOPE and multiscale computational fluid dynamics (CFD) for result comparisons. The PSCOPE model
consists of a hydraulic experiment representing a stenosis in the inferior vena cava (IVC)
coupled to the LPN physiology model (Figure B.2a). Correspondingly, a computational
fluid dynamic simulation of the identical stenosis geometry coupled to the same location in
the same physiology model (Figure B.2b) provides the reference data for verification. Test
cases involving stenosis levels (by area reduction) of 60% and 85% and simulated physiologies of 1 and 5 metabolic equivalent (MET) are used to demonstrate the PSCOPE’s
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ability to model different combinations of physical experiments and physiology simulations.
The detailed 3D geometries of the 60% and 85% area obstructions used in the verification
experiments are shown in Figure B.1; each geometry has a patent diameter of 19 mm representing an extra-cardiac conduits implemented during the Fontan surgical operation [27]
and contains a lengthy portion downstream of the stenosis to capture the complex flow and
the dissipation of vortices shed by the stenosis.
To conduct the PSCOPE, we physically reproduce the 3D geometries using a highresolution 3D-printer (Connex 350 PolyJet, Stratasys, Inc., Eden Prairie, MN) and rigid
material (VeroClear, Stratasys, Inc., Eden Prairie, MN). We performed flow experiment,
data collection, and data processing using each physical phantom as described in the Supplemental Materials on the ASME Digital Collection; each flow experiment is coupled to
the Fontan physiology simulations representing 1 and 5 MET.
For the multiscale simulations, each 3D geometry is discretized spatially heterogeneously (with different zones as shown in Figure B.1) into a finite element mesh containing
linear tetrahedral elements using meshing software (meshsim, Simmetrix, Inc., New York,
NY) [28]. The resulting meshes contain a total of 11.1×106 and 11.8×106 elements for the
85% and 60% stenosis geometries, respectively. Comparing to a previous numerical study
investigating stenosis of similar dimensions and Reynolds number [29], the meshes we employ contain numbers of elements that are one order of magnitude higher (see Table B.2).
All of the simulations utilize a time-step size of 0.001s. We have included a mesh density
and time-step size analysis. A no-slip boundary condition is applied to the vessel wall of
the geometries; pressures from the physiology simulations are coupled to the finite element
model at the inlet and outlet faces as Neumann boundary conditions. A Newtonian fluid
with density and dynamic viscosity as measured in the PSCOPE experiment is prescribed
in the simulations. The 3D solver utilizes a previously validated stabilized finite element
method [30–32] to solve the incompressible Navier-Stokes equations. Four and five respiration cycles are simulated for the 1 MET and 5 MET cases, respectively; and the results from
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the last respiration cycle (after stabilized periodicity) are used for analysis. The NRMSE
of the pressure drop waveforms across the 3D geometry between the last and second last
cycles are <0.6% in all cases, confirming that stable periodicity is achieved.

B.2

CFD simulation timestep size and mesh density analysis

We investigated the sensitivity of the CFD results to the timestep size prescription
and the density of the mesh used for the simulations. This investigation was performed
using the 60% stenosis geometry and a constant pressure drop of 6.5mmHg from the inlet
to the outlet of the geometry, which corresponds to the peak pressure drop under the 5 MET
condition in our study. We ran each simulation until the flowrate stabilized and averaged
the last 100 timesteps to obtain the flowrate results. For the timestep size analysis, we
halved the timestep size (0.5ms) from the reference (1ms used for the PSCOPE verification
simulations) and found that the NRMSE in flowrate difference was 0.5%. For the mesh
density analysis, we used a larger mesh with 22.6×106 elements (compared to the reference
of 11.8×106 elements[4]); the NRMSE in flowrate difference between the larger mesh and
the reference mesh was 0.1%.

B.3

Verification Results

In all cases of the verification experiments, the PSCOPE achieved 1-6% final residual
after 5–10 iterations (Table B.1).
Results from the multiscale simulation show that, under the most severe flow condition (the peak flow time point at 5 MET in the 85% stenosis case), the peak normalized
vorticity at the outlet have recovered to similar magnitudes as those at the inlet (Figure
B.3), suggesting that the length of the 3D geometry downstream of the stenosis is sufficient
for capturing the dissipation of vortices shed by the stenosis. Comparing results from the
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Table B.1: Final residual and number of iterations of the PSCOPE execution for the verification test cases.
MET
1
5

Final residual
Number of iterations
Final residual
Number of iterations

60% stenosis case
6.12%
7
2.71%
10

85% stenosis case
2.04%
9
1.19%
5

PSCOPE to those from the multiscale simulations, the NRMSE of important physiologic
parameters including the IVC flow, pulmonary pressure, and ventricular pressure and volume waveforms range between 0.1% and 2.1% in all test cases (Figure B.4). The NRMSE
of the pressure drop across the 3D geometry (∆P) is 0.6-5.7%, with the 60% stenosis case
exhibiting the higher NRMSE due to the signal amplitude being very low; the absolute
RMSE of ∆P in the 60% stenosis case are 0.07 mmHg and 0.44 mmHg for 1 and 5 MET,
respectively.
Through verification against established multiscale modeling results, we confirm that
the coupling method we propose for the PSCOPE indeed produces a closed-loop integration of the experimental and computational domains. The verification setup is specifically
designed to pose a challenging scenario: the physical experiment represents a part of the
venous circulation where the hydraulic signals are small and must be highly precise, and
the physiology model contains a sophisticated lumped-parameter network with closed-loop
cardiac dynamics. The verification result demonstrates that the practical implementation
of PSCOPE can achieve high accuracy in these challenging and physiologically realistic
scenarios.
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Figure B.1: Physiology simulation coupled experiment verification and example application
setup. Hour-glass symbol denotes the insertion location where either a physical experiment
((a) and (c)) or a CFD simulation (b) is coupled to the lumped-parameter circuit physiology
model of the single-ventricle circulation. ((a) and (b)) Verification of the PSCOPE against
multiscale CFD simulations. Flow through a stenosis geometry is replicated in a hydraulic
experiment (a) and simulated by CFD (b), resulting in a PSCOPE model and a multiscale
simulation, respectively. (c) An application of the PSCOPE modeling a scenario where a
Jarvik 2000 blood pump device is implemented for cavopulmonary support.
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Figure B.2: Physiology simulation coupled experiment verification and example application
setup. Hour-glass symbol denotes the insertion location where either a physical experiment
((a) and (c)) or a CFD simulation (b) is coupled to the lumped-parameter circuit physiology
model of the single-ventricle circulation. ((a) and (b)) Verification of the PSCOPE against
multiscale CFD simulations. Flow through a stenosis geometry is replicated in a hydraulic
experiment (a) and simulated by CFD (b), resulting in a PSCOPE model and a multiscale
simulation, respectively. (c) An application of the PSCOPE modeling a scenario where a
Jarvik 2000 blood pump device is implemented for cavopulmonary support.
Table B.2: Finite element mesh size comparisons A comparison of the finite element meshes
used in this study versus one used in a previously published numerical study exhibiting
similar geometrical dimensions and flow conditions[5]. The numbers of elements of the
meshes used in this study are larger by approximately one order of magnitude.
Geometry
No. of Elements
Degree of Stenosis (%)
Patent Diameter (mm)
Length (mm)
Reynolds Number at Inlet
Reynolds Number at Stenosis

Goubergrits et al.[5]
1.3×106
47
17.2
240
3800
7700
81

60% Stenosis
11.8×106
60
19
172.2
3311
5183

85% Stenosis
11.1×106
85
19
168.4
2020
5433

Figure B.3: Vorticity results at the peak flow time point from multiscale CFD simulation
modeling the 85% IVC stenosis at 5 MET physiology. The maximum normalized vorticity
is the maximum vorticity at the slice location normalized to that at the inlet.
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Figure B.4: (a) 60% stenosis cases and (b) 85% stenosis cases. Physiologies of 1 and 5 MET
are distinguished by different colored lines. Solid and dashed lines represent PSCOPE
and multiscale simulation results. Qivc , Ppul , and ∆P represent the IVC flow, pulmonary
artery pressure, and pressure drop across the stenotic 3D geometry, respectively. The
NRMSE of important parameters demonstrates the accuracy of the PSCOPE. Data from
one respiratory cycle (four cardiac cycles) are shown.
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